Penile verrucous carcinoma is a rare disease and little is known of its aetiology or pathogenesis. In this study we examined cell-cycle proteins expression and correlation with human papillomavirus infection in a series of 15 pure penile verrucous carcinomas from a single centre. Of 148 penile tumours, 15 (10%) were diagnosed as pure verrucous carcinomas. The expression of the cell-cycle-associated proteins p53, p21, RB, p16
Penile verrucous carcinoma is a rare disease and little is known of its aetiology or pathogenesis. In this study we examined cell-cycle proteins expression and correlation with human papillomavirus infection in a series of 15 pure penile verrucous carcinomas from a single centre. Of 148 penile tumours, 15 (10%) were diagnosed as pure verrucous carcinomas. The expression of the cell-cycle-associated proteins p53, p21, RB, p16 INK4A and Ki67 were examined by immunohistochemistry. Human papillomavirus infection was determined by polymerase chain reaction to identify a wide range of virus types. The expression of p16 INK4A and Ki67 was significantly lower in verrucous carcinoma than in usual type squamous cell carcinoma, whereas the expression of p53, p21 and RB was not significantly different. p53 showed basal expression in contrast to usual type squamous cell carcinoma. Human papillomavirus infection was present in only 3 out of 13 verrucous carcinomas. Unique lowrisk, high-risk and mixed viral infections were observed in each of the three cases. In conclusion, lower levels of p16 INK4A and Ki67 expressions differentiate penile verrucous carcinoma from usual type squamous cell carcinoma. The low Ki67 index reflects the slow-growing nature of verrucous tumours. The low level of p16 Keywords: penile verrucous carcinoma; human papillomavirus; p53; p21; p16 INK4A ; RB Verrucous carcinoma is a rare low-grade squamous cell carcinoma with slow invasive growth and lack of metastasis. It was first described in 1948 by Lauren V Ackerman in the oral cavity. 1 Since then it also has been described at other sites, including the anus, female genitalia and penis. [2] [3] [4] Grossly, verrucous carcinomas are exophytic white-grey papillomatous neoplasms. Microscopically, hyperkeratosis, papillomatosis and acanthosis are present; koilocytosis is absent. The cells are extremely well differentiated with prominent intercellular bridges. The base of the tumour is broad, with pushing, regular borders composed of broad bulbous projections. [5] [6] [7] [8] Squamous cell carcinoma of the penis is itself rare and represents 0.3-0.5% of male malignancies in Europe and the United States of America. 9 The most common type of penile squamous cell carcinoma is the usual type (70%), followed by basaloid (10%) and a heterogenous group of 'verruciform' tumours (20%). 5 However, mixed tumours commonly exist of usual type squamous cell carcinoma and one or more type of verruciform tumour. Verruciform lesions include verrucous carcinoma, warty carcinoma (also known as Buschke-Lowenstein tumour (BLT) or giant condyloma accuminatum) and papillary squamous cell carcinoma, not otherwise specified. 8, 10 The reported frequency of penile verrucous carcinoma is low and accounts for 3-20% of all penile cancers. 5, 6, [11] [12] [13] However, identification of cases from the literature is sometimes difficult because of the varied nomenclature used in the past, often regarding them as the same lesion as BLT. 14, 15 Risk factors for penile verrucous carcinoma seem to be similar as for penile cancer in general, which are poor hygiene, phimosis and chronic inflammation 16 but no systematic case series has been studied. The human papillomavirus (HPV) role in pathogenesis of these tumours is not certain because of small number of cases available for studies. One large study on penile cancer has found verrucous carcinoma to be always associated with squamous hyperplasia. 17 The treatment of choice for penile verrucous carcinoma is similar to verrucous cases from other sites and involves wide surgical excision, less commonly, radiation or chemotherapy. 4, 18 Untreated or inadequately excised verrucous carcinoma can progress locally but distant metastasis are exceptional. 5, 16 The rarity of the disease makes it difficult to study, and mostly case reports or studies on small series are available.
The aim of this project was to study the HPV status in penile verrucous carcinomas and its potential association with the immunohistochemical detection of key cell-cycle proteins: p53, p21, p16
INK4A RB and Ki67 to elucidate their pathogenesis.
Materials and methods
We retrospectively retrieved 148 penile squamous cell carcinomas from the Cellular Pathology Department of St George's Hospital. Of the samples, 29 were penile verruciform tumours-15 pure verrucous carcinomas and 14 mixed type-which we excluded from our study. Other squamous cell carcinoma types were usual type (97), basaloid (17) and warty (5) . The tumours were obtained from circumcision excision biopsy, glansectomy or penectomy. They were graded into groups as: well (grade 1), moderately (grade 2) and poorly differentiated (grade 3) on the degree of the cytological pleomorphism, mitotic rate and architectural atypia. For stage, the TNM (2002) classification of penile cancer was used. 19 The key pathologic and clinical features are listed in Table 1 . Results from the penile verrucous carcinomas were compared with those from usual type squamous cell carcinomas.
Immunohistochemistry
Tissue microarray blocks were prepared using a manual microarrayer. Tissue cores (3 Â 1 mm) were taken from each tissue sample. Tissue sections were cut at 4 mm thickness. A heat-induced antigen retrieval method with citrate buffer pH6.0 was applied. Immunochemistry was performed using the avidin-biotin technique with the antibodies against p53 (Dako; M7001), p21 (Dako; M7202), RB (Novocastra; NCL-RB-358), p16
INK4A tumour suppressor protein (Neomarkers, MS-1064-PO) and Ki67 (Dako; A0047). Dilutions were as follows: p53 and p21 1:1000, RB 1:50, p16 INK4A and Ki67 1:100. The positive controls were: CIN III for p16 INK4A placenta for p21, anaplastic thyroid cancer for p53 and tonsil for RB and Ki67. The immunohistochemistry results are summarized in Table 2 . Examples of immunostaining are shown in Figure 1 . The staining pattern in case of p53, p21, RB and Ki67 was nuclear. p16
INK4A showed both nuclear and cytoplasmic staining. Results were compared with expression in usual type squamous cell carcinomas.
Sections were scored semiquantitatively by a consultant genitourinary pathologist (DB). For nuclear positivity each core was given an estimated visual score as 0-100%, representing the percentage of positively stained neoplastic nuclei. Nuclear score alone was applied to assess p53 and Ki67 expression (as expression was always strong). For nuclear expression of p16 INK4A RB and p21 antibody, the intensity of staining was also measured using Penile verrucous carcinoma E Stankiewicz et al the scores: 1 (low), 2 (medium) and 3 (high). The final score was deduced by multiplying the percentage of staining by intensity to give an expression score from 0 to 300. Cytoplasmic expression of p16 INK4A was determined by intensity of staining alone. The core with highest score was chosen for each patient for analysis.
Statistical analysis was performed using StatsDirect software, version 2.60.6000. The correlations between antibodies were evaluated using Spearman's test. The association between the antibody and the tumour subtype or HPV infection was evaluated by w 2 -test. Where the number of patients was low, Fisher's exact probability test was used. The cut-off points for antibodies were as follows: 40 for p16 INK4A , Z5% for p53 and p21, Z20% for Ki67 and Z240 for high expression of RB. In all analyses Po0.05 was considered to be statistically significant.
HPV Analysis
A total of 13 original wax blocks from verrucous carcinoma cases were suitable for DNA extraction. DNA was extracted with a QIAamp DNA Mini kit (catalogue no. 51304; Qiagen, Crawley, UK). bGlobin polymerase chain reaction (PCR) was performed using primers B1 and B19 to confirm the adequacy of the extracted DNA. Validated samples were tested for the presence of HPV DNA by a broadspectrum HPV PCR method using SPF10 primers, which amplify a 65-bp fragment of the L1 open reading frame and HPV genotypes identified by the INNO-LiPA line probe assay (Innogenetics NV, Ghent, Belgium). 20 As a positive control, a known HPV-positive cervical cancer sample was used. Mouse tissue served as negative control. To ensure specificity of the method negative samples were included alongside every 5-10 regular samples.
Results
Immunohistochemistry p53 p53 expression in penile verrucous carcinomas was present in 87% (13/15) tumours, mostly confined to the basal or suprabasal layers, which contrasted with more diffuse patterns in usual type squamous cell carcinomas (Figure 1a) . The percentage of positive-cell nuclei varied from 0 to 60%, with a mean of 15% and median of 10%. No significant difference in p53 expression was observed between penile verrucous carcinomas and usual type penile squamous cell carcinomas (P ¼ 0.7326). p21 p21 was positive in 77% (10/13) of patients. The percentage of p21 stained cells was usually low and the intensity was weak (Figure 1b) . The calculated expression scores for p21 expression in penile verrucous carcinomas ranged from 0 to 60 with mean of 18 and median 10. The expression of p21 in penile verrucous carcinomas was not significantly different from that in usual type penile squamous cell carcinomas (P40.9999).
RB RB expression in verrucous carcinomas was often strong and involved 60% and more nuclei (Figure 1c) . It was strongly positive in 87% (13/15) of cases. RB expression varied from a score of 180 to 300 with mean of 248 and median of 240. There was a trend for higher RB expression in penile verrucous carcinomas than usual type squamous cell carcinomas (P ¼ 0.0441). 
Ki67
The expression of proliferation marker Ki67 in penile verrucous carcinomas was mostly basal in nature ( Figure 1e ) and was positive in 67% (10/15) 
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cases. The level of expression varied from a minimum of 10 to a maximum of 30% of positively stained neoplastic nuclei, with a mean of 19% and median of 20%. Ki67 expression in penile verrucous carcinomas was significantly lower than that seen in usual type penile squamous cell carcinomas (P ¼ 0.0108).
HPV Infection
HPV DNA was present in 3 out of 13 (23%) of penile verrucous carcinoma cases studied. Low-risk (HPV 11), high-risk (HPV 51, 52) and mixed HPV infections (31, 33, 44, 45) were observed in the verrucous carcinomas. None of verrucous cases contained high-risk HPV 16 type, which was the most common type in usual type penile squamous cell carcinomas.
Discussion
Penile verrucous carcinoma is extremely rare, not well characterized and its aetiology poorly understood. In early studies, association with HPV infection had been made, especially low-risk types 6 and 11, but confusion over classification of verruciform tumours often resulted in regarding verrucous carcinoma as one entity with BLT 21 clouding the evidence. Other authors suggested that screening for HPV may help in differentiating verrucous carcinoma from BLT, as verrucous carcinoma has been found to be negative for HPV infection. [22] [23] [24] [25] [26] [27] [28] However, those studies often utilized for HPV detection the in situ hybridization method, which is not as sensitive as PCR. 29 A review of literature on HPV infection in penile verrucous carcinoma is presented in Table 3 . In general, regardless of the detection method, verrucous carcinoma is still considered as cancer not related to HPV infection. 12, 13, 30, 31 We used a broad-spectrum HPV PCR method with SPF10 primers which amplify a 65-bp fragment of the L1 open reading frame and HPV genotypes identified by the INNO-LiPA line probe assay. This method is considered as highly specific and extremely sensitive for the simultaneous detection of multiple HPV types in clinical samples, including formalinfixed, paraffin-embedded material. 32 We detected HPV DNA in 23% (3/13) of penile verrucous carcinomas and in 59% (38/64) of usual type squamous cell carcinomas. None of the HPVpositive verrucous cases contained HPV16 type, whereas it was the most prevalent type in usual type squamous cell carcinomas. Two authors of this article applied the same method before on an independent cohort (from the Barts and the London NHS Trust) of penile squamous cell carcinomas, penile lichen sclerosus and late stage cervical carcinoma with HPV positivity of 33, 54 and 92%, respectively. 20 According to the largest study of HPV infection in penile cancer by Rubin et al, 33 only basaloid and warty types of penile squamous cell carcinoma are consistently associated with HPV, whereas in verrucous and usual type squamous cell carcinomas, HPV infection is present only in 33.3 and 34.9% of cases, respectively. They included 106 keratinizing, 15 basaloid, 12 verrucous and 5 warty cases. Our results for verrucous cases confirm the low incidence of HPV infection in this cancer type. Within three HPVpositive verrucous carcinoma cases, one contained low-risk HPV, one only high-risk types and the third one mixed low and high-risk HPV types. Both low-(HPV 11) and high-risk (HPV 16 and 52) types have been reported previously in verrucous cases, including the Rubin et al study, 33 where they found high-risk HPV in two of their four HPVpositive verrucous cases.
p53 is a tumour suppressor protein, commonly inactivated in cancer by mutation, leading to its accumulation in transformed cells. However, in HPV related cancers, expression of viral E6 protein is known to inactivate p53 through its downregulation. Therefore, an inverse correlation between HPV (23) PCR, polymerase chain reaction; ISH, in situ hybridization.
Penile verrucous carcinoma E Stankiewicz et al positivity and p53 overexpression has been suggested, with special regards to cervical, vaginal and vulvar carcinomas. 34 We used clone DO-7 p53 antibody, which preferentially detects mutated p53 protein or high levels of wild-type protein. We detected p53 expression in 87% (13/15) of the penile verrucous carcinomas, which was similar to the usual type squamous cell carcinomas, but the percentage of stained cells was low (in most cases only 5-10% of cells stained). Most of the staining was basal or suprabasal in nature. There was no negative correlation between HPV infection and p53 expression in usual type or verrucous carcinomas; in fact all three HPV-positive verrucous cases were also p53-positive. Lam and Chan 35 have detected a higher p53 expression using a similar method and the same antibody clone. All 5 cases of their penile verrucous carcinomas and 89% of usual type squamous cell carcinomas were p53-positive, also mostly in basal cells. Similar to our study, they did not observe an inverse correlation between HPV and p53 overexpression. Another study by the same authors 30 has shown no p53 expression in all seven verrucous cases studied and only in 49% of usual type squamous cell carcinomas. The explanation could be in a higher cut-off point used in that study. Ouban et al 36 detected weak, scattered p53 expression in penile verrucous carcinomas, which was lower than in usual type squamous cell carcinomas, expressing strong nuclear staining. These verrucous carcinomas also overexpressed MDM2 protein, which could explain p53 downregulation, as MDM2 is a p53-negative regulator. Adegboyega et al 37 detected p53 only in the lower third of epithelium in their mixed series of 19 verrucous carcinomas from different sites, including 3 cases of penile verrucous carcinoma, whereas usual type squamous cell carcinomas showed the stained cells through the entire thickness of the epithelium. Pilotti et al, 24 who studied five cases of vulvar verrucous carcinoma and two cases of BLT, did not detect p53 in verrucous carcinoma samples. Similarly, Gualco et al 3 did not find p53 (mutated or wild type) or HPV infection in their series of 10 cases of vulvar verrucous carcinoma, which in their opinion confirmed the low malignant behaviour of this lesion. The discrepancies in p53 expression in verrucous carcinoma may be the result of the limited number of samples available for study. The differences in tissue fixation or antigen retrieval methods could also influence the outcome. Furthermore, considering complexity of p53 pathway and its diverse regulatory mechanisms, any changes in physiological conditions within the tissue may greatly affect expression levels and activity of wild-type protein and its mutant forms at a given time. 38 Ideally, additional study of mutations within the p53 gene would confirm the mutational status of p53 in those samples.
Our series of penile verrucous carcinomas is the largest studied and suggests that p53 overexpression is common in penile verrucous carcinoma and is not affected by HPV infection. However, similar to other studies, the percentage of p53-positive cells is not high.
p53 regulates expression of another important protein in cell-cycle control, p21. p21 is a CDK inhibitor which is upregulated by p53 in response to DNA damage and causes cell-cycle arrest. p21 is rarely overexpressed in human cancers. Loss of p21 expression as well as overexpression has been related to poor prognosis in some cancers. 39 In this study, we detected p21 expression in 77% (10/13) of penile verrucous carcinoma at low levels. Lam and Chan 35 detected p21 in 40% of penile squamous cell carcinomas, including all five cases of verrucous carcinoma; however, staining was weak, similar to our study. They also noted an inverse correlation between p21 and p53 in half of the squamous cell carcinomas and four of five verrucous carcinomas, which is in agreement with the existence of a negative feedback loop between p53 and p21 expression. 40 Among our cases we found two tumours p21À/p53 þ and 1 tumour p21 þ /p53À, however, there was no correlation between p53 and p21 expressions. This might be explained by the possible induction of p21 in a p53 independent way. 41 Adegboyega et al 37 found p21 expression in all 19 cases of verrucous carcinoma from different sites and it was expressed either in lower third of epithelium (58%) or through the entire thickness of the epithelium (42%). Our results for p21 expression in penile verrucous carcinoma are higher than those in the above-mentioned studies and might be more accurate as our series included 15 penile verrucous carcinoma to compare with 5 cases from the Lam and Chan 35 study or 3 penile verrucous carcinoma from the Adegboyega et al report. 37 One of the main functions of p21 is p53-dependent cell-cycle arrest, which should lead to decreased proliferation. Surprisingly, we found a positive correlation between p21 and the proliferation marker Ki67 in verrucous carcinoma (P ¼ 0.0003). Cheung et al 42 found in cervical cancer a positive correlation of p21 with advanced tumour stage. He suggested that increase in p21 expression represented an ineffective cellular response to increased cellular activity and did not contribute to tumour development. A positive correlation between p21 and Ki67 in squamous cell carcinomas of the skin from sun-exposed and anogenital sites has also been reported and p21 function linked to cell differentiation. 43 Another tumour suppressor protein involved in cell-cycle control and progression is the retinoblastoma protein (RB). In its active, hypophosphorylated state, it binds E2F proliferation factors and inhibits the cell passage through the G 1 restriction point and entering the S phase. RB mutations, consistent with loss of RB function, have been identified in a wide spectrum of cancers. In tumours infected with HPV, RB is often inactivated and downregulated by viral E7 protein.
